Introduction
Glycosylasparaginase (EC3.5.1.26) is an important catabolic enzyme in glyeobiology. This amidase consists of a and (3 subunits that are derived from a single gene product by posttranslational cleavage (Tollersrud and Aronson, 1989; Fisher et al, 1990; Fisher and Aronson, 1991; Ikonen et al, 1993; Guan et al, 1996) . The enzyme can hydrolyze a number of [J-aspartyl-amides, including asparagine itself (Tanaka et al, 1973; Kaartinen et al, 1992) . Mammalian glycosylasparaginase is located in lysosomes where its only physiological substrate is the Asn-GlcNAc protein-to-carbohydrate linkage that occurs in the major class of asparagine-linked glycoproteins (Mononen et al, 1993) (Figure 1 ). This mini-review discusses glycosylasparaginase as a member of a newly classified set of amidases that have a novel processed N-terminal threonine, serine, or cysteine involved as a nucleophile in their reaction (Duggleby et al., 1995; Lowe et al., 1995; Smith, 1995) . Discovery of the unique structural biology of this family of 'Ntnhydrolases' occurred during the past year and a half based initially on the characterization of the three-dimensional structures of two members that utilize threonine and serine, respectively. Thus, Lowe et al. (1995) reported the crystal structure of the 20S (a 7 p 7 p 7 a 7 ) proteasome from the archaebacterium Thermoplasma acidophilum, and this work, along with two other biochemical studies (Fenteany et al, 1995; Seemiiller et al, 1995) revealed these multifunctional proteolytic organelles use N-terminal threonines at the active sites of their mature (3 subunits as nucleophiles to catalyze peptide-bond hydrolysis. An earlier crystallographic study of E.coli penicillin amidohydrolase by Duggleby et al. (1995) showed an active-site Nterminal serine is the nucleophile in the hydrolysis of its substrate, penicillin amide. No histidine or other basic amino acid is present in the active sites of these two amidases, suggesting a unique class of amide hydrolyzing enzymes exists that is different from four previously described classical proteinase families (serine or cysteine proteinases, metallo-proteinases, and aspartic proteinases) (Goldberg, 1995) . A distinctive mechanism was proposed for the catalytic reaction of these two enzymes: the free a-amino group on the N-terminal threonine or serine of their (3 subunits acts as the base required to enhance the nucleophilicity of its own side-chain hydroxyl moiety (Duggleby et al, 1995; Lowe et al., 1995) . This intraresidue base on the Thr or Ser replaces the well-characterized histidine base that becomes folded into a hydrogen-bonded triad at the active-site of many typical serine proteases (Barrett and Rawlings, 1995) . It now has become evident that this new amidase mechanism along with a special protein fold at the active site occurs in a number of different enzymes (Brannigan et al, 1995) , and it is likely others will be discovered.
Glycosylasparaginase
The elucidation of the mechanism for glycosylasparaginase originated from studies into causes of the human lysosomal storage disease aspartylglycosaminuria (AGU). AGU results from a genetic deficiency of glycosylasparaginase that occurs predominantly in the population of Finland due to a founder effect (Mononen et al, 1993) . The enzyme reaction, similar to that of bacterial asparaginases, occurs through a covalent enzyme-acyl ((3-aspartyl) intermediate (Tanaka et al, 1973; Kaartinen et al, 1992) . The role of the N-terminal Thr of its (3 subunit (Thrl83) in catalysis was determined by use of diazo-4-oxo-L-norvaline (DONV), a diazoketone analog of asparagine and an irreversible active-site directed inhibitor (Kaartinen et al, 1991) (Figure 1 ). DONV was originally designed as a pharmacological reagent to study bacterial asparaginases (Handschumacher, et al, 1968) as these enzymes are used therapeutically to treat acute lymphocytic leukemia and lymphomas. DONV forms an a-ketone ether linkage to Thr 183 in human glycosylasparaginase (Kaartinen et al., 1991) (Figure  1 ), and as noted in Figure 2 this N-terminal Thr has been conserved during evolution from bacteria (Tarentino et al, 1994 (Tarentino et al, , 1995 to plants (Lough et al, 1992) , insects and birds (Liu et al, 1996) , and mammals (Tollersrud and Aronson, 1992; Tenhunen et al, 1995) . Polyclonal antibodies against the (3 subunit of the purified rat enzyme cross-react on Western blots with the enzyme from all of these organisms (Tollersrud and Aronson, 1992; Tarentino et al, 1994) .
Autocleavage exposes an N-terminal nucleophile used in amide hydrolysis
An intriguing aspect of glycosylasparaginase from all species is that a single chain precursor is posttranslationally cleaved in order to expose the conserved N-terminal threonine and yield an active amidase (Fisher and Aronson, 1991; Fisher et al, 1993; Ikonen et al, 1993; Guan et al, 1996) . Similarly, Nterminal Thr of the B subunits of the proteasomes (Zwickl et al, 1994) and N-terminal Ser of the penicillin amidohydrolase (Schumacher et al, 1986; Choi et al, 1992) are produced by posttranslational cleavage of a precursor gene product. When . The released l-amino GlcNAc is nonenzymatically hydrolyzed to free ammonia and GlcNAc (not shown). DONV, a diazomethylketone analog of Asn inactivates the enzyme by reacting with the Ntn-Thr hydroxyl group of the fi-subunit to form a ketoether (bottom reaction) (Kaartinen et al, 1991) Thrl83 is mutagenized to serine in human glycosylasparaginase, cleavage still occurs to form a and [3 subunits (Fisher et al., 1993) ; however, the reactivity of the serine mutant is only 20% of the wild-type glycosylasparaginase. DONV inactivates the serine mutant, but at a clearly reduced rate compared to the native Thrl83 enzyme (Figure 3 ).
Why such a posttranslational mechanism exists whereby internal self-cleavage of the initial gene product is designed to yield a hydroxylated amino acid as an N-terminal active-site residue is intriguing. A precise way for genetic information not only to encode such an important N-terminal residue, but also to have it reliably formed, would be to design the mature enzyme based on use of an amino acid initially located at an internal position of the open reading frame. This internal amino acid would then be made N-terminal by a structurally and mechanistically regulated self-cleavage process, rather than using the amino acid penultimate to the initiation Met for a cytosolic enzyme, or the amino acid adjoining the signal peptidase cleavage site for an enzyme being exported into or beyond the endoplasmic reticulum. Folding of the initial single- . Sequence homology at the juncture of a-and f$-subunits in glycosylasparaginases. The amino acid sequences at the cleavage site in glycosylasparaginases from species that include mammals (Tollersrud and Aronson, 1992; Mononen et al. 1993; Tenhunen et al, 1995) , avian (Liu et aL, 1996) , insect (Liu et al, 1996) , and bacteria (Tarenu'no et al, 1995) are aligned. The enzyme from the plant Lupin arboreus is an asparaginase, and it is uncertain whether this can also act as a glycosylasparaginase (Lough et al, 1992) . All sequences were obtained from amino acid sequencing, and confirmed by cDNA sequences except for the pig and chicken enzymes. The C-terminal sequence of the a subunit from chicken has not yet been determined. Asterisks indicate identical residues and the Ntn-Thr is underlined.
chain precursor protein would also have to juxtapose residues for intramolecular self-cleavage into correct subunits. As discussed below, such autoproteolysis not only has certain advantages, but it also avoids potential metabolic problems in maintaining the integrity of the original N-terminus of a nascent protein.
Autoproteolysis has now been confirmed by Guan et al. (1996) glycosylasparaginase enzymes were expressed as secreted forms from transformed CHO cells. Enzymes were partially purified by passing cell media through a Con A column and eluting the glycosylasparaginase with a-methylmannoside. Preincubation of each enzyme (0.225 mil) was for 15 min at 37°C with DONV in 10 u.1, followed by addition of Asn-GlcNAc substrate and reactions of 1 h (Tollersrud and Aronson, 1989) .
human Hisl 81) acts as the base which polarizes the hydroxyl of Thrl 52 to catalyze self-cleavage of the inactive single chain precursor into rx/p subunits. In the human enzyme His 181 is subsequently removed in the lysosomes without affecting enzyme activity (Ikonen et al., 1993) . It will now be important to determine how similar or dissimilar are the predicted autoproteolytic processes that yield active p subunits of the proteasomes (Zwickl et al., 1994) and the N-terminal serine of penicillin acylase (Schumacher et al, 1986; Choi et al., 1992) . The amino acid residues immediately preceding the internal cleavage positions on these latter two amidases that also use an exposed N-terminal Thr or Ser nucleophile are not His-Asp, and therefore some other mechanism must be responsible. Figure 4 compares the processing pathways currently known for these amidases. A better understanding of the self-cleavage process will be gained when crystal structures of the singlechain precursors become available to compare with structures of the mature processed forms having a new N-terminal Thr or Ser on their (3-subunits.
Possible roles for the a subunits derived from the nascent N-terminus
Relationships between a and P subunits of these three amidases are worth noting. The Thermoplasma acidophilum proteasome a subunits have an N-terminal extension that is not lost through autoproteolytic maturation. The a subunits are thought to be important both in assembling the quaternary a 7 p 7 p 7 a 7 proteasome structure and in the processing of the p subunit which exposes its reactive N-terminal Thr (Zwickl et al., 1994) . In contrast to the a and p subunits of the other two amidases which are derived from posttranslational autoproteolysis of a single gene product (Schumacher et al, 1986; Fisher et al., 1990) those of the proteasome arise from different genes, but of a common gene family (Zwickl et al., 1992) . The mature P subunit of the proteasome by itself has low but measurable proteolytic activity (Zwickl et al., 1994) and the crystal structures of both the proteasome (Lowe et al., 1995) and the E.coli penicillin acylase (Duggleby et al., 1995) indicate that only p subunit amino acids are present at their active sites. This also appears to be true for glycosylasparaginase (Oinonen et al., 1995) .
Sensitivity of N-terminal amino acids to removal by metabolic hydrolysis
There are other possible roles for the a subunits of the Ntnamidases. Besides regulating overall protein folding and/or substrate specificity, they could sterically protect the reactive N-terminal Thr or Ser on the p subunits from attack by other proteinases in the environment. The latter idea is certainly logical in the case of the a subunit of mammalian glycosylasparaginase, since this enzyme must survive one of the most potent proteolytic regions of a cell, the cathepsin-rich lysosome. Indeed, mature rat glycosylasparaginase when purified from liver yielded a-chains that were 50% frayed by one amino acid (Tollersrud and Aronson, 1989) , and similarly purified human liver enzyme completely lacked its predicted first amino acid (Rip et al, 1992) . These variations at the initial N-terminus may have occurred cotranslationally due to imprecise action of signal peptidase in the endoplasmic reticulum; however, more likely they resulted posttranslationally from hydrolysis by cathepsins once the enzymes reached the lyso- The resulting single chain precursor proteins are inactive, but immediately undergo autoproteolytic cleavage into an a*/p heterodimer (see Guan et al.. 1996) . Amino acids at the cleavage sites are shown that either yield a new N-terminal Thr (F.meningoscpticum and human glycosylasparaginase, T.acidophilum proteasome (3 subunit, and 7-glutamyl transpeptidases) or Ser {E.coli penicillin acylase). These forms are proposed to be active due to the ability of the free a-amino group to polarize the side-chain hydroxyl into a reactive nucleophile. In the case of the proteasome f$-subunit, a* is an octapeptide that does not remain associated with the subunit. Instead, mature p-subunits are assembled together with a-subunits (encoded by a different gene) into mulumers (a^fi-jO.-,) that are the mature, fully active proteasome 'organelle'. (C) In the case of human glycosylasparaginase and E.coli penicillin acylase another cleavage occurs that releases a peptide from the new C-terminus of a*. This cleavage which does not alter the reactivity of the enzymes is penplasmic for the acylase and lysosomal for the asparaginase somes. As mentioned above, approximately 10 amino acids including Hisl81 are removed from the new C-terminus of the a subunit in the lysosomes (Ikonen et al, 1993 ) (pro-a* in Figure 4 ). This 'processing' however does not affect the reactivity of glycosylasparaginase. A very similar processing of penicillin acylase takes place in the E.coli periplasm (Schumacher et al, 1986; Choi et al, 1992) .
Glycosylasparaginase, like other lysosomal hydrolases, should have a mature tertiary/quaternary structure that resists proteolysis by cathepsins in the lysosomes. This structural stability is in contrast to that of captured protein or glycoprotein substrates which are intended to be rapidly degraded to free amino acids and sugars in the lysosomes. Indeed, lysosomal hydrolases in general are often frayed at their termini, and even fragmented by internal cleavages (Hasilik, 1992) . These partially clipped lysosomal hydrolases can be viewed as steadystate, rate-limiting intermediates in their own turnover within lysosomes. Thus, it is likely that one or just a few additional proteolytic cleavages lead to their rapid and complete digestion. Tarentino etal. (1995) found that 10% of the flavobacterium glycosylasparaginase molecules also were minus one amino acid at their N-terminus. They noted that other hydrolases secreted by this organism often have a ragged N-terminus. Therefore, to counter these uncontrolled removals at the initial Nterminus of both eukaryotic and prokaryotic proteins, it is logical for nature to have avoided biosynthetic placement of a critical active-site amino acid (Thr or Ser) at this end position of an enzyme. In contrast, three amidases (and others described below) are now known to utilize the mechanism described above and in Figure 4 by which an internal residue is exposed as an N-terminus to become functional: that is, self-cleavage of a nascent protein precursor between correct amino acid residues (H-D-T in the case of bacterial and other glycosylasparaginases (Mononen et al., 1993; Tarentino et al., 1995; Guan et al., 1996;  Figure 2 ) to produce a reactive N-terminal Thr or Ser (or Cys; see below).
Another argument for not using a nascent N-terminal residue of an enzyme for its catalytic reaction is the invariable and precise mechanism by which initiation of protein biosynthesis occurs with methionine or N-formylmethionine. Thus, to produce an active enzyme, one or two extra gene products, peptide deformylase and/or methionine aminopeptidase (Meinnel et al., 1993) must consistently remove the initiation methionine to expose the required Thr, Ser, or Cys located next to it. Current biochemical data for both eukaryotes and prokaryotes suggest, however, that hydrolysis of the Met or FMet is not consistent from protein to protein (Tsunaswa et al., 1985; Flinta et al, 1986 ). Even though a high level of Met removal by methionine aminopeptidases does occur from proteins when Thr or Ser is the adjacent residue (Flinta et al., 1986) , the newly exposed N-terminal residue, especially Ser, is often subsequently blocked by metabolic N-acetylation (Persson et al., 1985) . Acetylation would destroy its ability to act as an Ntnnucleophile. Brannigan et al. (1995) were the first scientists to realize the unique nature of the Ntn-amidohydrolase enzyme group based on their determination of the crystal structure of penicillin acylase. This work along with the publication of the proteasome crystal structure quickly led them to recognize a third family member that utilizes an N-terminal Cys, namely glutamine 5-phosphoribosyl-l-pyrophosphate amidotransferase, which is a glutamine amino transferase (GAT) and the first and key regulatory enzyme in the pathway for de novo purine biosynthesis. Brannigan et al., (1995) also pointed out a unique (3-sheet structure at the active site of these enzymes ( Figure 5 ) (Kraulis, 1991) view of the active site of glutamine PRPP amidotransferase (Smith et ai, 1994) . The Ntn-Cys is rendered as balls and sticks. Note the unique antiparallcl fi-sheets at the active site: the top (3-sheet is essentially flat and the bottom one is slightly twisted These 3-sheets are also found in other Ntn-amidases (Brannigan et ai, 1995) . and predicted the potential for a much broader usage of the Ntn-distinctive protein structure and enzyme mechanism within biology, even the possibility that the interesting phenomenon of protein splicing (Cooper and Stevens, 1993) works this way.
Class II glutamine amidotransferases are Ntn-amidohydrolases
The crystal structure for glutamine PRPP amidotransferase was the first one to be determined for an Ntn-amidohydrolase (Smith et al., 1994) . Glutamine amidotransferases are basic enzymes in nitrogen metabolism, and 15 different GATs have been described previously (reviewed by Zalkin, 1992) , each with a separate 'glutamine' domain which is responsible for the glutamine-dependent nitrogen transfer. This same domain catalyzes glutamine hydrolysis by use of a cysteine nucleophile. There are two families of glutamine domains and both use a catalytic cysteine, but only the F-type, (named for the purF gene in E.coli that encodes bacterial GAT) has its reactive sulfhydryl amino acid at the mature N-terminus. This group of Ntn-glutamine amidotransferases is also termed Class II (Smith, 1995) . Among enzymes in the Class II family a distinctive feature determined in the initial group of Ntn-amidases is no longer strictly conserved. Thus, autoproteolysis is not an invariant step, since some of the Class II GAT enzymes have Cys penultimate to their initiation methionine, and removal of only the initiation Met by methionine aminopeptidase is required to expose this reactive N-terminal cysteine. Other GAT enzymes, however, do have small peptides that must be cleaved to expose the N-terminal Cys, and one assumes that this removal is autoproteolytic as occurs with the B-subunit of proteasomes to expose their active Ntn-Thr (Zho et al., 1992) . Members of the Class II glutamine amidotransferases in which only the initiation Met is removed to expose the reactive Cys are glucosamine-6-P synthase (Badget et al., 1987) and asparagine synthase (Van Hecke and Schuster, 1989) .
Other Ntn-amidohydrolases
Brannigan et al. (1995) predicted that -y-glutamyl transpeptidase is also likely to be an Ntn-amidase. The biochemistry of this membrane enzyme has been studied for many years, yet identification of the precise amino acid residue(s) required for its catalysis has not been accomplished (Ikeda et al., 1995) . This enzyme is thought to play an important, but still uncertain role in glutathione metabolism, and it is similar to both glycosylasparaginase and penicillin acylase in that a single open reading frame encodes its two mature subunits with the Nterminal a-subunit being larger than the C-terminal ^-subunit. A major difference in -y-glutamyl transpeptidase is that it is a Type II membrane enzyme physically attached to the plasma membrane by its a-subunit. Similar to all known members of the Ntn-family that have a heterodimeric structure, the two subunits are not joined covalently. The sequence of amino acids where autocleavage occurs to yield an N-terminal Thr on the smaller (}-subunit is shown in Figure 4 , and considerable experimentation has been done to examine formation of subunits in the bacterial 7-glutamyl transpeptidase (Hashimoto et al., 1995) . Although no direct experiments have been done that indicate the N-terminal Thr of the 3-subunit is the required catalytic nucleophile, it is completely conserved in the enzyme from humans to bacteria (Hashimoto et al., 1995) , and the likelihood for this role appears to be extremely high. If this is true, the utility of the biochemical design for Ntn-hydrolyses to employ autoproteolysis is reemphasized by this new family member. The role of the transpeptidase a-subunit is to have the enzyme function as a membrane protein, and since Type II membrane proteins have their nascent N-terminus on the outside surface of the plasma membrane, this terminal residue of the a-subunit cannot be part of an active-site intended to operate inside the cell. Instead, major aspects of the special protein fold seen in Ntn-hydrolases along with an N-terminal nucleophile (see Figure 5) would be provided by the B-subunit to form the active site of this enzyme at the inside surface of the plasma membrane. One problem cells must solve in order to synthesize hetero-subunit enzymes is the coordination of forming equal numbers of subunits. If subunits are encoded by a single gene and created posttranslationally, their equal synthesis is easily accomplished. Coordination of subunit formation is another logical explanation why the family of Ntn-amidases has utilized autoproteolysis to expose their reactive N-terminal nucleophile. Table I summarizes all of the currently recognized Ntnamidohydrolases plus putative ones such as 7-glutamyl transpeptidase and the protein-splicing group of proteins from which an internal peptide (intein) is spliced out via an autoproteolytic mechanism that involves Ser, Thr, and/or Cys residues (Cooper and Stevens, 1993) . Invariable features in this current group of Ntn-proteuis are: (1) they are amidases, and (2) they utilize the functional side-chain group from an Nterminal amino acid as the nucleophile. The a-amino group certainly must have an important role in the catalytic mechanism, but this role is yet to be well characterized. Another feature that is highly conserved is a somewhat defined specificity for the amide substrate that is hydrolyzed. Glutamine is the most frequent substrate for these hydrolases while two of the enzymes, including glycosylasparaginase, react with asparagine. One might predict that these substrates must have a free a-amino and a-carboxyl group, which are structural features required by glycosylasparaginase.
Specificity for glutamine or asparagine as substrates
The proteasome is the only Ntn-hydrolase to act on proteins as substrates. Interestingly, substrate specificity of the cephalosporin acylases can also be related to glutamine hydrolysis ( Figure 6 ). This enzyme has highest reactivity with the side Table I Lough et al., 1992 Lowe et ai, 1995 Smith et ai, 1994 Badget et al. 1987 Van Hecke and Schuster, 1989 Brannigan et ai, 1995 Hashimoto et ai, 1995 Duggleby et ai, 1995 Matsuda et ai, 1987 Tobin et al. 1995 Cooper and Stevens, 1993 •Crystal structures have been determined.
•These enzymes are predicted to be Ntn-amidases based on their biochemistry. 'Processing is autoproteolytic for those enzymes that are mature heterodimers. For some Ntn-members only N-terminal peptides or the initiation Met are removed. chain amide of glutaric acid, a dicarboxylate that is a structural analog of glutamic acid lacking its ot-amino group. Another substrate for the acylase is cephalosporin C which contains amide-linked a-aminoadipate, a one-carbon-longer homolog of glutamic acid. However, the a-amino group of this substrate has D-stereochemistry, but the exchange reaction catalyzed by AcylCoA: isopenicillin N acyltransferase uses L-a-aminoadipic acid (Tobin et al, 1995) (Figure 6 ). An interesting feature of the bacterial enzymes in Table I is that they are periplasmic. In contrast, the enzymes from eukaryotic organisms are found in many cellular locations, including the cytoplasm, nucleus, lysosome, and plasma membrane.
Conclusion
The precise reasons for the evolution of this novel class of Ntn-amidase enzymes is uncertain (Artymiuk, 1995) , and further experiments are necessary to characterize their unique protein fold and enzyme reaction mechanism. Having a single amino acid (Thr, Ser, or Cys) contribute both the polarizing base (free a-amino group) and the nucleophile required for catalysis (side-chain hydroxyl or sulfhydryl group) may just represent an early and more primitive form of the wellcharacterized His-Asp-Ser triad that often forms the reactive center of serine-proteinases (Barrett and Rawlings, 1995) . This would explain why archeabacteria, one of the most ancient biological organisms, utilize this mechanism in their proteasome. However, the mechanism so far appears to be retained throughout all evolutionary forms of proteasomes and is now known to operate in a number of other enzymes with many different roles in metabolism (Table I ). This evolutionary persistence and widening range of occurrence of Ntn-amidohydrolases together suggest there are distinct catalytic advantages of this interesting structure and mechanism yet to be understood.
